I. OBJECTIVE Reconfigurable multifunctional structures, which allow combined changes of shape, functionality and mechanical properties on demand, require new adaptive materials and novel chemistry that permit reversible modulation of mechanical properties in effective manner. They also demand the development of robust modeling and design tools based on a fundamental understanding of the complex and time-variant properties of the material and mechanization structure in diverse environments. In this research, we: 1) developed two new classes of twoway shape memory polymers (SMPs); 2) fostered these two SMPs to free-standing SMP composites with enhanced reversible modulation through novel composite design; 3) pursued a fundamental understanding of underlying physics of the proposed two-way SMPs and composites; 4) established modeling and simulation-design tools for applications of these novel materials for reconfigurable aerospace structures; and 5) exploreed design, fabrication and testing of novel SMP devices enabling for Air Force applications.
II. APROACH
We have assembled a strong interdisciplinary team with strengths in materials chemistry and material science (Mather) , composite mechanics and composite design (Dunn), polymer finite deformation constitutive modeling and numerical implementation (Qi) . The expertise in our team is pivotal in successfully implementing the proposed work.
III. SCIENTIFIC CHALLENGE
This collaboration between Syracuse University (PI Mather) and University of Colorado, Boulder (co-PI's Qi and Dunn) was quite aggressive, scientifically, presenting significant challenges in the elucidation of mechanisms involved in the newly discovered two-way shape (reversible) shape memory effect in polymers. Significant advances in experimental methods were required to attain the stated research goals. Solids, 60, 67-83 (2012) .
IV. Technical Progress
Shape memory polymers (SMPs) are polymers that can fix a temporary shape and recover their permanent shape in response to environmental stimuli such as heat, electricity, or irradiation. Most thermally activated SMPs use the macromolecular chain mobility change around the glass transition T g to achieve the shape memory (SM) effects. During this process, the stiffness of the material typically goes through three orders of magnitude change. Recently, one of the PI's reported on a novel shape memory elastomeric composite (SMEC). This composite, composed of Sylgard and poly(ε-caprolactone) (PCL), is soft in both temporary and permanent shapes with moduli close to typical rubbers. In the SMEC system, Sylgard as an elastomeric matrix provides rubbery elasticity, while PCL, by using crystal-melt transition, serves as a reversible "switch phase" for shape fixing and recovery. The development of SMEC provides a paradigm for developing a wide array of smart polymer composites with different chemistries that utilize melt-crystal transition in polymers to achieve shape memory effect. It is therefore important to understand the thermomechanical behaviors and to develop corresponding material models. Further, a model is needed to allow rational design of SMEC-based mechanical devices.
In this work, a 3D constitutive model was developed to describe the thermomechanical behaviors of SMEC. This model includes a kinetic description of non-isothermal crystallization and melting, which imparts SM capability of the SMEC system. The model assumes that the newly formed crystal phases are in the undeformed state, which tracks the kinematics of evolving phases. In order to improve the computational efficiency, the effective phase model (EPM) is Self-healing (SH) polymers are responsive polymeric materials that can repair mechanical damage such as cracks in an autonomous fashion. In most SH polymers studies reported to date, crack closure was either unaddressed or achieved by manual intervention. Here, we developed a new strategy that utilizes shape memory (SM) to prepare novel SH polymers that are capable of simultaneously closing and re-bonding cracks with a simple thermal trigger. This strategy, termed "shape memory assisted self-healing (SMASH)" was demonstrated in a blend system consisting of crosslinked poly(ε-caprolactone) network (n-PCL) with linear poly(ε-caprolactone) (l-PCL) interpenetrating the network, and which exhibits a combination of SM response from the network component and SH capacity from the linear component.
Thermomechanical analysis revealed that the thermoset, n-PCL, demonstrates reversible plasticity -a form of shape memory where large plastic deformation at room temperature is fully recoverable upon heating. This SM action assists to close any cracks formed during deformation and/or damage while l-PCL chains tackify the crack surfaces by diffusion to the free surface and ultimately across the area of damage during the same heating step as used for SM. In our study, we investigated the controlled damage and SMASH healing of blends with varying composition using tensile testing of essential work of fracture film specimens. The healing component, l-PCL Page 6 of 19
Mather/FA9550-09-1-0195 used had a high M w (M w ~65k g/mol) to enable re-entanglement after diffusion across the interface while the shape memory component, n-PCL was prepared from PCL telechelic diacrylates and a tetrathiol crosslinker, yielding excellent shape memory. We found excellent self-healing of films by the SMASH mechanism, with near complete healing for l-PCL contents exceeding 25wt-%. Applications are envisioned in the area of self-healing bladders, inflated structure membranes, and architectural building envelopes. 
IV(iv) Modeling and Validation of Multi-Shape Memory Effects
Our collaboration enabled interdisciplinary research involving both modeling and experiments to reveal mechanisms underlying mechanisms associated with multi-shape memory in materials developed in the Mather lab and in the Xie lab. Our findings have been published in two papers described below. Multi-shape shape memory polymers have attracted significant research attention in recent years as the multiple shape change during a shape memory can greatly enhance the functionality of the polymers and their applications. To date, there are two methods to achieve m-SME. The first approach relies on a wide temperature of thermomechanical transition and the second mechanism uses distinguished thermal mechanical transitions. This work investigated mechanisms and developed thermomechanical models for m-SMPs based on these two mechanisms.
For m-SMPs based on a broad temperature range of thermomechanical transitions, we developed a multi-branch model, which is similar to the generalized standard linear solid model in viscoelasticity. In this model, individual nonequilibrium branches represent different relaxation modes of polymer chains with different relaxation times. As the temperature was increased in a staged manner, for a given temperature, different numbers of branches (or relaxation modes) became shape memory active or inactive, leading to the observed m-SME. For energy release during free recovery, under a tensile deformation of the SMP, stored energy in individual nonequilibrium branches was first transferred into a compressive deformation energy then gradually declined to zeros. Energy release during recovery was a complicated process due to the involvement of multiple relaxation modes.
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(Left) Multi-SME simulated under stress controlled programming and staged heating recovery conditions. T r1 = 60 o C, T r2 = 80 o C, T r3 = 100 o C, T r4 = 120 o C, T r5 = 140 o C. a, temperature and stress history. b, strain evolution in both simulation and experiment. (Right) Elastic strain energy stored in each rubbery branch during the free recovery process of the multi-SME simulation.
For m-SMP based on distinguished thermomechanical transitions, we investigated the triple-shape polymeric composites (TSPCs). This composite is composed of an epoxy matrix, providing a rubber-glass transition to fix one temporary shape, and an interpenetrating crystallizable PCL (poly(ε-caprolactone)) fiber network providing the system the melt-crystal transition to fix a second temporary shape. A one-dimension (1D) model that combines viscoelasticity for amorphous shape memory polymers (the matrix) with a constitutive model for crystallizable shape memory polymers (the fiber network) is developed to describe t-SME. The model includes the WLF and Arrhenius equations to describe the glassy transition of the matrix, the kinetics of crystallization and the melting of the fiber network. An assumption that the newly formed crystalline phase of the fiber network is initially in stress-free state is used to model the mechanics of evolving crystallizable phases. Experiments to measure parameters including uniaxial tension, stress relaxation, and triple-shape memory testing were conducted. These parameters were then used to predict the t-SME in TSPC and showed excellent agreements with Most SMPs exhibit a one-way shape memory (1W-SM) effect since one programming step can only yield one shape memory cycle; an additional shape memory cycle requires an extra programming step. Recently, a novel SMP that demonstrates both 1W-SM and two-way shape memory (2W-SM) effects was demonstrated by one of the authors (Mather) . However, to achieve two-way actuation this SMP relies on a constant externally applied load. In this paper, an SMP composite where a pre-stretched 2W-SMP is embedded in an elastomeric matrix is developed. This composite demonstrates two-way shape memory effects in response to changes in temperature without the requirement of a constant external load. The transversal actuation of ~10% of actuator length is achieved. Cyclic tests show that the transversal actuation stabilizes after an initial training cycle and shows no significant decreases after 4 cycles. Shape memory polymers (SMPs) are materials that can recover a large pre-deformed shape in response to environmental stimuli. For a thermally activated amorphous SMP, the predeformation and recovery of the shape require the SMP to traverse its glass transition temperature (T g ) to complete the shape memory (SM) cycle. As a result, the recovery behavior of SMPs shows strong dependency on both the pre-deforming temperature and recovery temperature. In these works, a multi-branch model is developed to capture the SM effect by Mather/FA9550-09-1-0195 and the size effects on the free recovery characteristics of a magneto-sensitive SMP composite.
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Nonequilibrium Branches Photo-origami uses the dynamic control of the molecular architecture of a polymer by a combination of mechanical and non-contact optical stimuli to design and program spatially-and temporally-variable mechanical and optical fields into a material. These fields are designed to enable controllable, sequenced, macroscopic bending and folding to create three-dimensional material structures that can additionally be functionalized and endowed with myriad properties;
Glassy
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Mather/FA9550-09-1-0195 examples include photonic and phononic metamaterials as well as biological tissue engineering constructs. The fields are essentially actuators, embedded in the material at molecular resolution.
Here we demonstrate, through a combination of theory, simulation-based design, synthesis, and experiment, the operative phenomena and capabilities of photo-origami that highlight its potential as a powerful, and potentially manufacturable, approach to create three-dimensional material structures at macro, and even micro and nanometer scales. Although it is easy to conceptually realize objects via photo-origami, its ultimate impact lies in the fact that design can be guided by high-fidelity computational simulations based on a recently-developed theory that couples the hereditary nature of photophysics, chemistry, and large-deformation mechanics.
This work is the Feature Story for May 10, 2012 at phys.org (http://phys.org/news/2012-05-origami.html. It is also featured as one of the APL's 50th Anniversary Collection:
Editor's Picks of Most Recent Publications.
(Left) a) Molecular constituents and mechanism of photo-induced stress relaxation; Measured (red symbols) and simulated (black lines) photomechanical behavior that serves as the foundation for photo-origami: b) photoactivated stress relaxation; c) curvature vs. applied strain for uniformy-irradiated strips with actual and simulated deformed shapes shown in the inset; d) curvature vs. time at a prescribed strain. (Right) A box and a heart fabricated by photo-origami.
V.
Personnel Supported a. Number of PI's and Co-PI's involved in the research project: 3 PI: Prof. Patrick T. Mather co-PI: Prof. Jerry Qi
